When drafting a manuscript such as this article, a survey of relevant literature and related articles from the same sub-field is required. Traditionally, such a survey is conducted by combining searches based on specific keywords and references found in bibliographies (i.e. references citing, or cited in, the selected articles). This process requires multiple attempts of different keyword combinations and manual examination of numerous citations. A long list of both relevant and irrelevant articles is often encountered requiring manual curation after further reading, yet not all of the important relevant articles are necessarily included after this long and tedious process. The task of finding truly relevant articles becomes increasingly time-consuming and challenging as the number of scientific articles published every year expands at a rapid pace. For example, the PubMed (<http://www.ncbi.nlm.nih.gov/pubmed>) database operated by the US National Center for Biotechnology Information at the US National Library of Medicine (NLM), has seen a sustained annual growth rate of nearly 5% for the past 4 years; from 25.2 million records in 2015 ([@ref57]), 26.4 million records in 2016 ([@ref58]), 27.5 million records in 2017 ([@ref59]) and is now approaching 29 million records in 2018 as of the latest report ([@ref66]). The overall success of this classic approach depends on finding optimal keyword combinations as it is key for ensuring the precision and completeness (i.e. sensitivity) of the search results.

The aforementioned scenario is an illustration of an 'informational' search goal ([@ref8], [@ref64]), essentially an exploratory request for discovering the most relevant resources to 'find out' about a particular topic. For purely 'navigational' queries that seek out a single 'correct' result ([@ref8], [@ref64]), the classical keyword based approach is generally sufficient. However, for a more complete survey, the keyword input given by the user is susceptible to a number of rigidities including misspellings, ambiguity and desired scope. To address these challenges, traditional search engine operators implement various workarounds including query spelling correction, query suggestions, query reformulation and query expansion. A recent NLM study describing 'under-the-hood' improvements to PubMed demonstrate the integration of such mitigation techniques ([@ref25]). As this problem remains unsolved, alternative approaches may be employed.

One way to avoid keywords in searches is to use a seed article. A seed article can provide the title, the abstract and even its full text, containing significantly more information than a combination of a few pre-selected keywords. Aside from these content-based features, seed articles may also provide additional metadata including the list of authors, publication venue and date, citation information and potentially manually curated categorical information such as assigned Medical Subject Headings (MeSH) descriptors ([@ref52]). Most importantly, all of these features are extracted and processed automatically without requiring any user input or intervention. Thus, for an article-based search, the search engine will accept as input either the selection of an existing document from its database or a user uploaded document in its entirety, in order to generate the list of results.

Article-based relevance searches, often referred to as research paper recommender systems, is an active area of research with more than 100 different approaches published since 1998 ([@ref7]). Representative examples of commonly used methods used for calculating the similarity between text documents are Okapi Best Matching 25 (BM25) ([@ref39], [@ref40]), Term Frequency--Inverse Document Frequency (TF-IDF) ([@ref65]) and PubMed-Related Articles (PMRA) ([@ref49]). These and other decade-old methods remain the backbone behind real-world recommender systems such as PubMed (<http://www.ncbi.nlm.nih.gov/pubmed>), ResearchGate (<http://www.researchgate.net>) and CiteULike (<http://www.citeulike.org>). Numerous newly developed methods are not yet translated into practice because it is unclear whether they have improved over existing methods ([@ref7]).

Improvements in paper recommender systems can be measured by 'user studies', 'online evaluations' or 'offline evaluations'. User studies aim to quantify user experience by interacting directly with explicit testers of the system; online evaluations are a more passive approach wherein user activity is silently monitored and recorded for assessment, and offline evaluations are akin to traditional benchmarking processes where algorithmic performance measures are evaluated on appropriate datasets. The problem with user studies and online evaluations is that considerable active participation is required to infer any meaningful conclusions ([@ref7]). Accordingly, a large-scale user study would require costly recruitment and management of a large number of participants, whereas for online evaluations it is challenging to attract large numbers of active users to a deployed system except for a few systems with large established user bases. Moreover, the data used for evaluating such systems are often not made publicly available. In addition, online evaluations collect implicit measures of satisfaction such as click-through rates; however, non-clicked items are not necessarily an indicator of negative samples.

Offline evaluations, on the other hand, require a gold-standard benchmark for comparing and contrasting the performances of different systems. Previous work has focused on building gold standards of query-to-document relevance in biomedical literature. Queries are generally defined as some topic comprised as a natural language statement, a question or a set of keywords conveying a specific information need. Representative examples of existing gold-standard query-to-document resources include the OSHUMED ([@ref32]) collection, the first TREC Genomics track ([@ref33], [@ref73]) (the only applicible biomedical-focused track within TREC), the BioASQ ([@ref72]) competition and the bioCADDIE ([@ref13]) dataset. Although these datasets are suitable for benchmarking traditional information retrieval, they do not consider the similarity between document pairs as a whole. Re-purposing query-to-document datasets to the document-to-document similarity problem has been attempted; for example, adaptation of the 2004/2005 TREC Genomics data ([@ref34], [@ref35]) has been evaluated by previous studies ([@ref11], [@ref49], [@ref74]). However, a pair of documents may both be related to a certain topic but only loosely related to each other as complete units.

Constructing a gold standard dataset of sufficient size for offline evaluations is not a trivial endeavor. In the context of query-to-document relevance, a recent study concluded that 'there is unfortunately no existing dataset that meets the need for a machine-learning-based retrieval system for PubMed, and it is not possible to manually curate a large-scale relevance dataset' ([@ref24]). We propose here that relevance labels between document pairs in the document-to-document context can be 'crowd-sourced'. This ideology has a number of successful applications; for example, computational resources are crowd-sourced by the BIOINC ([@ref1]) distributed computing system for the Folding\@Home ([@ref47]) and Rosetta\@Home ([@ref28]) projects, and human problem solving resources are crowd-sourced for 'distributed thinking systems' as in the Foldit ([@ref14], [@ref28]) project.

Here, we have established the **RE**levant **LI**terature **S**earc**H** (RELISH) consortium of 1500+ scientists from 84 countries around the world. The consortium annotated over 180,000 document--document pairs indexed by PubMed, nearly 400 times larger than the single other human annotated data collection we could find with just 460 annotations by 90 authors ([@ref50]). Analysis of the collected data indicates diversity and consistency of annotations across different levels of research experience as well as its usefulness in benchmarking different document--document comparison methods. Futhermore, these data could be utilized in future work to train deep machine learning models that may substantially increase relevancy of recommendations compared to existing methods.

Methods {#sec1}
=======

The overall procedure for establishing the RELISH database was as follows. First, we established the article-based PubMed search engine (APSE; <https://pubmed.ict.griffith.edu.au>) for recommending articles ('candidate-articles') potentially relevant to an input article ('seed-article') given by, or assigned to, a user. The APSE allowed users to assess and annotate recommended candidate articles regarding their degree of relevance to a respective seed article and facilitated submission of these annotations. Then, we established the RELISH consortium of scientific authors ('participants') and invited them to the APSE to evaluate 60 candidate articles for one or more seed articles that they are interested in or, preferably, they have authored. Finally, annotations submitted by participants were compiled and organized into the RELISH database. A participant's 'contribution' was defined as the submission of annotations for all 60 candidate articles with respect to a seed article.

The remainder of this section explains database construction, including the APSE's corpus data and candidate article recommendation methods, participant recruitment and annotation procedures and performance evaluation metrics.

APSE: document corpus {#sec2}
---------------------

The seed article corpus used by the APSE server was extracted from the biomedical literature database hosted by PubMed. The corpus database was constructed using the 2017 baseline downloaded from PubMed's public FTP server ([ftp://ftp.ncbi.nlm.nih.gov/pubmed](http://ftp://ftp.ncbi.nlm.nih.gov/pubmed)), followed by incremental synchronization with daily update releases. Only articles with available title and abstract metadata were included in the corpus, no other selection criteria were imposed. As of 3 July 2018, this collection contained 18,345,070 articles, from which participants selected seed articles.

The candidate article corpus, from which the APSE server generated recommendations that were presented to participants, was a subset of the seed article corpus. This subset included only recent articles that were published within the past decade. The primary justification for this was to increase participant motivation with potential discovery of recent work within their field, considering the decline of participation willingness with increasing publication age as speculated previously ([@ref77]). As of 3 July 2018, this candidate article subset contained 8,730,584 articles.

All raw article texts were pre-processed into usable indexing elements (tokens) by the following pipeline. We first applied Lucene's 'UAX29URLEmailTokenizer', which follows Unicode Text Segmentation rules ([@ref16]) to divide the text (while also tagging detected URLs or email addresses). Next, possessives (trailing apostrophe + s) were removed from each token, and any single character, numeric, URL or email tokens were removed. Stop-word tokens were filtered according to a list of 132 official MEDLINE stop words retrieved from a previous source ([@ref6]). Finally, tokens were stemmed to their root form using Lucene's 'PorterStemFilter'.

APSE: recommendation system {#sec3}
---------------------------

The APSE recommendation system is built on three baseline methods: PMRA ([@ref49]), BM25 ([@ref39], [@ref40]) and TF-IDF ([@ref65]). PMRA is the technique used by the 'Similar Articles' function on the official PubMed site. Here we used the Entrez E-utilities ([@ref43]) ELink to retrieve related articles for given seed articles. BM25 is a representative probabilistic relevance technique, implemented here by Lucene's 'BM25Similarity' class using default parameters of $\documentclass[12pt]{minimal}
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}{}$b = 0.75$\end{document}$. TF-IDF is a representative vector space model technique, implemented here by Lucene's 'ClassicSimilarity' class.

For the individual method evaluations presented in this study, the original method-specific list of results were used (in this case the same candidate article may be shared by multiple methods). Each method's list of candidate articles was sorted by descending score. To generate the list of recommendations presented to the user for annotation, we took the individual method-specific result lists and combined them into a unified list. We set a maximum of 60 articles per seed article so as to include at least the top 20 highest-scoring non-redundant candidate articles per method.

The unified list assembly procedure is as follows: in a round-robin fashion between all methods, consider the current top-scoring article from a method. If the article is not already in the unified list, add it. Otherwise, disregard this article and continue with the next best-scoring article until an addition to the unified list has been made. Essentially, this procedure is performing a three-way merge while ensuring an equal selection of non-redundant recommended articles from each method. This unified list of recommendations was not presented in the order of predicted similarity. Instead, before presentation to users, it was shuffled randomly to reduce the possibility of a systematic bias in annotation.

RELISH: participant recruitment {#sec4}
-------------------------------

To achieve the goal of a large dataset facilitating future deep machine learning-based method development, we established the RELISH consortium of biomedical researchers who have annotated studies potentially related to one or more seed articles that they had authored or were interested in. To maximize the quality and efficiency of annotation, we encouraged participants to use articles that they had authored as the seed articles. All participants contributed voluntarily. Only submissions with annotations completed for all 60 recommended candidate articles per seed article were accepted.

Our recruitment strategy involved two major phases: the first was internal referrals, personal invitations, social media posts and a correspondence letter ([@ref9]); the second was directly contacting authors of papers published in 2018. For this secondary phase, we built a contact list of the corresponding authors with 2018 papers indexed in PubMed Central ([@ref63]) and created a personalized email including the top three candidate articles (the highest-scoring non-redundant document from each method) relating to their article along with an invitation to join our consortium.

A total of 129,190 unique authors were contacted regarding 72,764 unique PubMed articles. Of these articles, 54,071 (74.3%) had contact information for a single author only (assumed to be the corresponding author), 7452 (10.2%) had contact information for two authors (assumed to be first and corresponding authors), while the remainder had contact information for more than two authors. In any case, all available contacts per article were invited, as to encourage multiple annotators of the same article for consistency analysis.

Finally, of the 1570 total unique participants, we had 342 (21.8%) participants join by the initial recruitment phase. During the secondary recruitment stage, 1228 (78.2%) authors accepted our invitation yielding an overall response rate of 0.95%, thus the majority of contributions resulted from this phase.

RELISH: annotation procedure {#sec5}
----------------------------

An overview of the annotation procedure is shown in [Figure 1](#f1){ref-type="fig"}. Each participant was asked to annotate the degree of relevance ('relevant', 'somewhat-relevant' or 'irrelevant') between a seed article and recommended candidate articles. We gave the following definitions for the degrees of relevance as a guide for label assignment: **Relevant**: an article topically relevant to the seed article; within the same specific sub-field of research, i.e. an article that would be interesting to read further or could have been cited within the original work.**Somewhat-relevant**: an article missing some key topical details of the seed article; within the broader area of research but does not specifically fit into the sub-field, i.e. unlikely to be considered for a citation within the original work.**Irrelevant**: an article unrelated to the seed article and obviously does not fit inside the specific sub-field of research.

![An overview of the four stages comprising the annotation procedure. In step 1, the title or PubMedID of a desired seed article is searched; in step 2, a seed article is selected; in step 3, the result list is presented to the participant for annotation; and in step 4, all annotations are reviewed before being submitted to the database.](baz085f1){#f1}

Although definitions of 'relevance' are subjective, we aimed to make the choice as simple as possible by using this three-point system of document pair 'closeness', as opposed to a higher number of relevance degrees, like the 5-point or 10-point scales ([@ref44]). Additionally, this three-point scale befits collapse to binary classification (a two-point 'positive' or 'negative' scale); the 'relevant' and 'irrelevant' classes intuitively map to the 'positive' and 'negative' classes, respectively, leaving only the 'somewhat-relevant' class to be mapped to either the 'positive' or 'negative' class depending on required evaluation strictness.

Before submitting annotations, contributors were asked to provide their level of experience from the following options: PhD student, years of experience after PhD studies (less than 5, between 5 to 10 or more than 10) and other (unspecified, potentially comparable to PhD experience with degrees like MD or PharmD).

Evaluation metrics {#sec6}
------------------

The expert-annotated document pairs provided the opportunity to evaluate the performance of the three baseline methods for the first time. To simplify the evaluation, we collapsed our three-state label classes to fit a two-state classification in which, unless stated otherwise, 'relevant' seed candidate article pairs were assigned to the 'positive' class, while 'somewhat-relevant' or 'irrelevant' article pairs were assigned to the 'negative' class. Using this stratification, we assessed method's performances using both binary classification and information-retrieval metrics.

For binary classification metrics, we used Matthews correlation coefficient (MCC) and area under the \[receiver operating characteristic (ROC)\] curve (AUC). Metrics used for information-retrieval are precision of top-N ranked results (P\@N) and mean reciprocal rank (MRR). MCC and AUC emphasize good discrimination between 'positive' and 'negative' classes, whereas P\@N and MRR metrics emphasize highly ranked 'positive' class results.

MCC ([@ref54]) is the elective metric of the machine learning community for summarizing classification performance; although it is not restricted to binary classification in particular, for the binary case, it coincides with the square root of the chi-squared statistics ([@ref42]). Using a variable similarity score threshold parameter, contingency tables measuring separation between positive and negative classes are generated, from which the MCC is determined. Here, we have reported the maximum value. A balanced measure is given even when the distribution of 'positive' and 'negative' class instances are unbalanced ([@ref5]), where perfect classifications are given a MCC value of 1 and random classifications are given a MCC value of 0.

AUC ([@ref29]) is determined by a ROC, a plot of sensitivity as a function of specificity at varying threshold parameter values. The area under this ROC curve estimates the probability that a classifier would rank a randomly chosen positive instance higher than a randomly chosen negative instance ([@ref23]), where perfect classifications are given an AUC value of 1 and random classifications are given an AUC value of 0.5.

P\@N ([@ref15]) is the proportion of results assigned to the 'positive' class within a fixed N of top ranked results. Here, we have reported N values of 5, 10 and 20; 5 and 10 were chosen as a measure of 'first-page' results initially seen by users, and 20 was used as an indication of the total 'positive' class proportion per method (as there only 20 results considered per seed article for individual method evaluation). However, P\@N is limited by weighting equally each result within the top-N.
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Infrastructure {#sec7}
--------------

The database search infrastructure was powered by Elasticsearch \[<https://github.com/elastic/elasticsearch>; using Apache Lucene (<https://github.com/apache/lucene-solr>)\]. The web interface was designed using React (<https://github.com/facebook/react>), web services were built using Apache (<https://github.com/apache/httpd>) and Python (<https://github.com/channelcat/sanic>) and data were organized using MongoDB (<https://github.com/mongodb/mongo>).

Results {#sec8}
=======

Here we introduce RELISH-DB, the database that resulted from the annotation work of the RELISH consortium. All annotations submitted by participants before 27 July 2018 were consolidated into the initial revision of RELISH-DB.

The remainder of this section presents statistics of database content and consortium participation, and the results for annotation consistency analyses and method performance evaluations.

Annotations were contributed by a diverse group of highly experienced original authors {#sec9}
--------------------------------------------------------------------------------------

[Table 1](#TB1){ref-type="table"} shows simple statistics of RELISH-DB content according to participants' research experience. Annotations were received from a total of 1643 unique scientists around the world, of whom 1570 are registered participants (affiliated consortium members) and 73 contributed anonymously. [Figure 2](#f2){ref-type="fig"} shows that the contributors to this project originated from diverse geographic locations, including 84 unique countries with the largest clusters located in Europe (586), North America (356), China (265) and Oceania (161). Altogether, the participants annotated 3017 seed articles or 181,020 (3017$\documentclass[12pt]{minimal}
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}{}$\times $\end{document}$60) labelled document pairs. The average number of submissions per participant was 1.9 (all anonymous submissions were considered as individuals). The majority of participants (77%) submitted annotations for just one seed article, 11% for two, 3% for three and 9% for four or more, respectively. A few dedicated participants annotated more than 50 seed articles. The majority of contributions (63%) were made by experienced researchers with 5 or more years' experience post-PhD. More significantly, the majority of seed articles (91%) were evaluated by one of the original authors according to name matches. These statistics suggest high-quality annotations within RELISH-DB.

###### 

Distribution of database content by participant experience level. Registered and anonymous columns show the number of participants at respective experience levels. Contributions is the total number of seed articles evaluated by participants at respective experience levels.

                        Registered      Anonymous     Contributions
  ------------------- --------------- -------------- ----------------
  PhD (\>10 years)     `652 (41.5%)`   `34 (46.6%)`   `1391 (46.1%)`
  PhD (5--10 years)    `249 (15.9%)`    `7 (9.6%)`    `512 (17.0%)`
  PhD (\<5 years)      `283 (18.0%)`   `14 (19.2%)`   `538 (17.8%)`
  PhD (student)        `191 (12.2%)`   `11 (15.1%)`    `282 (9.3%)`
  Other                `195 (12.4%)`    `7 (9.6%)`     `294 (9.7%)`
  Total                 **`1570`**       **`73`**       **`3017`**

Note: contribution total includes both registered and anonymous submissions.

![Distribution of participant geolocation. There are 1570 registered participants from 84 unique countries. The majority of contributors are from Europe, North America, China and Australia.](baz085f2){#f2}

Annotations covered diverse research areas {#sec10}
------------------------------------------

[Figure 3](#f3){ref-type="fig"} shows a word-cloud distribution of MeSH descriptor frequencies for all annotated documents, normalized by baseline frequencies in all PubMed documents. There seems to be a slight over-representation of publications on high-throughput 'Omics' technologies (e.g. genomics, genome-wide association study, nucleotide sequencing, proteomics). It is possible that researchers in the field of bioinformatics/computational biology were particularly eager to participate in the study of annotating documents as they are probably the ones seeing the most benefit in having a large annotated dataset of high quality. It may also be due to the first participant recruitment phase via internal referrals and personal invitations were somewhat enriched with scientists working in the bioinformatics/computational biology areas. On the other hand, it could simply reflect the general trend in biomedical research of using more and more 'Omics' technologies. Nevertheless, the diversity of annotated content was illustrated by a 76% coverage of all unique MeSH descriptors in the official PubMed library collection by all documents within RELISH-DB (every seed article plus every candidate article per seed article). Such a diversity in research fields is important for benchmarking literature-searching tools applicable to all biomedical research fields.

![Word cloud of the 250 most frequent MeSH qualifiers from all seed articles normalized by frequencies in the whole PubMed library. In total, unique qualifiers present in the seed article collection (i.e. each seed article with its recommended candidate articles) cover 76% of all unique MeSH qualifiers.](baz085f3){#f3}

Partial relevance was the most popular annotation {#sec11}
-------------------------------------------------

The distribution of the three possible relevance labels (relevant, somewhat-relevant and irrelevant) across all contributions per seed article is shown in [Figure 4](#f4){ref-type="fig"}. The chart on the left indicates the frequency of seed articles with $\documentclass[12pt]{minimal}
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}{}$n$\end{document}$ candidate articles in respective relevance labels. It should be noted here that the frequency refers to the proportion of all 3017 seed articles, and the sum of frequencies in each column is not 1. For example, considering the column at zero number of articles, it should be interpreted that for relevant, 2.7% or 84 seed articles have no candidate articles marked as relevant. Summing 2.7%, 0.5% and 9.7% for respective relevance labels means that 12.9% or 392 seed articles in total have no candidate articles in one of the relevance labels. The peaks for relevant, somewhat-relevant and irrelevant annotations was at 8 (106 articles, 3.5%), 17 (113 articles, 3.7%) and 0 (291 articles, 9.7%), respectively. These distribution peaks suggest that many articles fell into the grey area of partial relevance. Additionally, the preference for partial relevance can be observed from the box plot on the right side of [Figure 4](#f4){ref-type="fig"} where the median number of somewhat-relevant candidate articles per seed article is 20, compared to 17 for relevant and 16 for irrelevant. Furthermore, when considering the average and standard deviation of candidate articles per seed article in each relevance label, somewhat-relevant had the highest average and the lowest deviation of 21 ± 11, compared to 19 ± 14 for relevant and 19 ± 15 for irrelevant. The overall dominance of relevant and somewhat-relevant annotations suggests the reasonable performance of the three baseline methods in filtering out obviously irrelevant articles.
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Consistency according to method performance {#sec12}
-------------------------------------------

Our definition of relevance, partial relevance and irrelevance is subject to different interpretations by different individuals. The perceived efficacy of document recommendation systems depends on the expected agreement between the subjective opinions of different individuals. To examine if such agreement exists, we compared the performance of the three baseline methods on annotations made by scientists of different experience levels, annotations of the same articles by different individuals, annotations across different research fields and durations of time spent annotating.

To carry out these comparisons, seed articles for the benchmark datasets were selected from RELISH-DB according to the following conditions. First, we removed 44 seed articles that PMRA provided fewer than 20 article recommendations for; this was to ensure a fair comparison with the other baseline methods that will always have 20 recommendations per seed article. Next, 186 seed articles without any positive or negative samples were removed as assessment of discrimination is impossible when all candidate articles belong to either the positive or negative class. Finally, we set aside 154 duplicate annotations of the same seed article by different participants ('D154'), and 400 randomly selected seed articles as an independent test set ('T400'), to be analyzed separately.

This led to a total of 2233 seed articles ('ALL2233') available for evaluation. From this set we derived an 'NR' (non-redundant) set, comprised of a single seed article from each unique participant to avoid potential bias against specific annotators. In this dataset, for participants with multiple seed article contributions, a seed article was selected at random. This 'NR' set had 1220 seed articles ('NR1220') in total, less than the total number of unique participants due to aforementioned exclusions.

Here, we have collectively defined candidate articles marked as 'somewhat-relevant' or 'irrelevant' as negative samples, with those marked as 'relevant' defined as positive samples. This was to challenge the three baseline methods and allow the measurement of their performance according to binary classification. For all statistical testing we used the Wilcoxon signed-rank test ([@ref75]) implemented by the SciPy ([@ref38]) library.

Consistency between all and non-redundant sets {#sec13}
----------------------------------------------

Table [2](#TB2){ref-type="table"} compares the performance of the three baseline methods within the 'ALL2233' and 'NR1220' sets. The table shows that the three methods all had quite similar performances, with TF-IDF having the slightest edge in all metrics except precision @ 20. Moreover, the method performance trend was shared between the 'ALL2233' and 'NR1220' sets, suggesting that participants with multiple seed article annotations have not detectably biased the overall result. This is likely due to the majority of all unique participants submitting annotations for a single seed article only. Another interesting observation is that PMRA produced the most candidate articles marked as relevant (indicated by average precision @ 20), but seemed to have difficulty ranking these extra positive samples towards the top of the result list.

###### 

Overall evaluation set performance results for the PMRA, BM25 and TF-IDF methods. 'ALL' includes all seed articles from all participants, and 'NR' includes only one seed article from each participant, corresponding to the 'ALL2233' and 'NR1220' sets, respectively. Performance was measured using MCC, AUC (ROC), MRR and P\@N, given as (mean ± stdev).

                   \#            MCC                  AUC                  MRR                  P\@5                P\@10                P\@20
  ----- ------- -------- -------------------- -------------------- -------------------- -------------------- -------------------- --------------------
  ALL    PMRA    `2233`     `0.494 ± 0.23`       `0.675 ± 0.19`       `0.850 ± 0.28`       `0.614 ± 0.31`       `0.538 ± 0.29`     **`0.464 ± 0.27`**
         BM25               `0.509 ± 0.22`       `0.687 ± 0.18`       `0.859 ± 0.28`       `0.622 ± 0.30`       `0.536 ± 0.28`       `0.457 ± 0.27`
         TFIDF            **`0.510 ± 0.22`**   **`0.688 ± 0.18`**   **`0.873 ± 0.27`**   **`0.634 ± 0.30`**   **`0.541 ± 0.28`**     `0.463 ± 0.27`
  NR     PMRA    `1220`     `0.479 ± 0.22`       `0.664 ± 0.19`       `0.868 ± 0.27`       `0.639 ± 0.29`       `0.565 ± 0.28`     **`0.492 ± 0.27`**
         BM25               `0.498 ± 0.22`       `0.675 ± 0.18`       `0.878 ± 0.26`       `0.642 ± 0.29`       `0.559 ± 0.27`       `0.481 ± 0.26`
         TFIDF            **`0.511 ± 0.22`**   **`0.685 ± 0.18`**   **`0.893 ± 0.25`**   **`0.662 ± 0.29`**   **`0.566 ± 0.28`**     `0.488 ± 0.27`

The bold values indicate maximal metric value between the three baseline methods.

###### 

Wilcoxon signed-rank test *P*-values between the PMRA, BM25 and TF-IDF methods for the overall evaluation set. 'ALL' includes all seed articles from all participants, and 'NR' includes only one seed article from each participant, corresponding to the 'ALL2233' and 'NR1220' sets, respectively. Metrics include MCC, AUC (ROC), MRR and P\@N.

                                  MCC             AUC             MRR            P\@5            P\@10           P\@20
  ----- ------ ---- ------- --------------- --------------- --------------- --------------- --------------- ---------------
  ALL    PMRA   vs   BM25    **`0.00700`**   **`0.02137`**     `0.15841`       `0.07316`       `0.65928`       `0.07093`
         PMRA   vs   TFIDF   **`0.00727`**   **`0.01686`**   **`0.00074`**   **`0.00012`**     `0.18130`       `0.71967`
         BM25   vs   TFIDF     `0.84588`       `0.83891`     **`0.01023`**   **`0.00912`**   **`0.04617`**   **`0.01502`**
  NR     PMRA   vs   BM25    **`0.01985`**     `0.11524`       `0.23883`       `0.41124`       `0.54669`     **`0.04575`**
         PMRA   vs   TFIDF   **`0.00015`**   **`0.00263`**   **`0.01043`**   **`0.00121`**     `0.33197`       `0.81799`
         BM25   vs   TFIDF     `0.08311`       `0.08005`       `0.06478`     **`0.00134`**     `0.05845`       `0.05030`

The bold values indicate *P*-values \<0.05.

Statistical *P*-values from Wilcoxon signed-rank tests are given in [Table 3](#TB3){ref-type="table"}. In both the 'ALL2233' and 'NR1220' sets, TF-IDF was significantly higher than PMRA with *P*-values less than 0.05 for MCC, AUC, MRR and P\@5. For the 'ALL2233' set, BM25 was also significantly higher than PMRA in terms of MCC and AUC; however, in the 'NR1220' only MCC is significant. In all cases there was no significant difference in either MCC or AUC between BM25 and TF-IDF. However TF-IDF did significantly outperform BM25 in terms of P\@5. These results suggest that out of the three baseline methods, TF-IDF was most effective at ranking relevant candidate articles highly.

Consistency between author and non-author annotators {#sec14}
----------------------------------------------------

As previously mentioned, according to author name matches, the majority (91%) of our annotated seed articles were provided by one of the respective authors. Here we investigate whether method performance is affected considering annotations given by non-authors. These non-author annotators may have more general knowledge and not be biased by a close-up view of their given field like an author could be, potentially providing a more objective assessment.

A total of 181 seed articles were identified to have been annotated by a non-author (anonymous annotations were not included), submitted by 73 unique annotators. These articles were split into respective 'ALL' and 'NR' subsets accordingly. [Table 4](#TB4){ref-type="table"} shows method performances, which we are comparing to results presented in [Table 2](#TB2){ref-type="table"}. A differing trend in method preference can be observed within the 'ALL' set; however, measured performance and deviation of performance between methods is comparable. Within the 'NR' set, both method performance and preference is almost identical, although according to the precision measures the methods seem to have fared slightly better. Overall, these results suggest that there is no significant difference between annotations contributed by annotators who authored the seed article versus external annotators who did not author the seed article.

###### 

Non-author annotator evaluation set performance results for the PMRA, BM25 and TF-IDF methods. 'ALL' includes all seed articles in the set, and 'NR' includes only one seed article from each unique annotator in the set. Performance was measured using MCC, AUC (ROC), MRR and P\@N, given as (mean ± stdev).

                  \#            MCC                  AUC                  MRR                  P\@5                P\@10                P\@20
  ----- ------- ------- -------------------- -------------------- -------------------- -------------------- -------------------- --------------------
  ALL    PMRA    `181`     `0.477 ± 0.20`     **`0.670 ± 0.16`**   **`0.878 ± 0.25`**   **`0.676 ± 0.27`**   **`0.599 ± 0.25`**     `0.530 ± 0.25`
         BM25            **`0.482 ± 0.22`**     `0.670 ± 0.18`       `0.857 ± 0.28`       `0.663 ± 0.30`       `0.593 ± 0.29`       `0.524 ± 0.27`
         TFIDF             `0.468 ± 0.22`       `0.655 ± 0.19`       `0.876 ± 0.26`       `0.676 ± 0.30`       `0.598 ± 0.29`     **`0.539 ± 0.29`**
  NR     PMRA    `73`      `0.469 ± 0.19`       `0.666 ± 0.17`       `0.872 ± 0.26`       `0.671 ± 0.26`       `0.595 ± 0.24`       `0.516 ± 0.25`
         BM25              `0.495 ± 0.21`       `0.675 ± 0.18`       `0.884 ± 0.27`       `0.707 ± 0.30`       `0.619 ± 0.29`       `0.540 ± 0.27`
         TFIDF           **`0.501 ± 0.21`**   **`0.684 ± 0.18`**   **`0.902 ± 0.24`**   **`0.712 ± 0.30`**   **`0.632 ± 0.29`**   **`0.553 ± 0.29`**

The bold values indicate maximal metric value between the three baseline methods.

###### 

Detailed performance results of the 'NR1220' evaluation set broken down by participant experience levels for the PMRA,BM25 and TF-IDF methods. Metrics include MCC, AUC (ROC), MRR and P\@N, given as (mean ± stdev).

                                \#            MCC                  AUC                  MRR                  P\@5                P\@10                P\@20
  ------------------- ------- ------- -------------------- -------------------- -------------------- -------------------- -------------------- --------------------
  PhD (\>10 years)     PMRA    `473`     `0.483 ± 0.22`       `0.663 ± 0.19`       `0.891 ± 0.26`       `0.649 ± 0.30`       `0.575 ± 0.28`     **`0.505 ± 0.28`**
                       BM25            **`0.509 ± 0.23`**   **`0.684 ± 0.19`**     `0.885 ± 0.25`       `0.657 ± 0.29`       `0.578 ± 0.28`       `0.501 ± 0.27`
                       TFIDF             `0.505 ± 0.23`       `0.684 ± 0.18`     **`0.894 ± 0.24`**   **`0.671 ± 0.29`**   **`0.580 ± 0.28`**     `0.503 ± 0.28`
  PhD (5--10 years)    PMRA    `189`     `0.493 ± 0.23`       `0.670 ± 0.20`       `0.855 ± 0.27`       `0.637 ± 0.29`     **`0.574 ± 0.28`**   **`0.499 ± 0.26`**
                       BM25              `0.495 ± 0.22`       `0.670 ± 0.19`       `0.862 ± 0.27`       `0.640 ± 0.29`       `0.561 ± 0.27`       `0.484 ± 0.25`
                       TFIDF           **`0.513 ± 0.23`**   **`0.687 ± 0.19`**   **`0.880 ± 0.24`**   **`0.661 ± 0.27`**     `0.565 ± 0.28`       `0.488 ± 0.27`
  PhD (\<5 years)      PMRA    `192`     `0.473 ± 0.23`       `0.666 ± 0.19`       `0.860 ± 0.28`       `0.655 ± 0.30`       `0.579 ± 0.29`       `0.506 ± 0.27`
                       BM25              `0.491 ± 0.21`       `0.677 ± 0.17`       `0.899 ± 0.24`       `0.662 ± 0.29`       `0.578 ± 0.27`       `0.506 ± 0.26`
                       TFIDF           **`0.519 ± 0.22`**   **`0.683 ± 0.19`**   **`0.924 ± 0.22`**   **`0.694 ± 0.29`**   **`0.585 ± 0.27`**   **`0.515 ± 0.27`**
  PhD (student)        PMRA    `188`     `0.479 ± 0.22`       `0.669 ± 0.17`       `0.857 ± 0.26`       `0.620 ± 0.28`       `0.545 ± 0.26`     **`0.470 ± 0.26`**
                       BM25              `0.485 ± 0.19`       `0.659 ± 0.17`     **`0.894 ± 0.24`**     `0.629 ± 0.29`       `0.535 ± 0.27`       `0.452 ± 0.25`
                       TFIDF           **`0.504 ± 0.21`**   **`0.683 ± 0.18`**     `0.887 ± 0.26`     **`0.644 ± 0.29`**   **`0.552 ± 0.27`**     `0.468 ± 0.25`
  Other                PMRA    `178`     `0.464 ± 0.21`       `0.651 ± 0.18`       `0.842 ± 0.28`       `0.616 ± 0.28`     **`0.532 ± 0.27`**   **`0.459 ± 0.25`**
                       BM25              `0.496 ± 0.23`       `0.671 ± 0.19`       `0.841 ± 0.29`       `0.597 ± 0.29`       `0.510 ± 0.27`       `0.433 ± 0.25`
                       TFIDF           **`0.523 ± 0.20`**   **`0.693 ± 0.18`**   **`0.874 ± 0.26`**   **`0.627 ± 0.28`**     `0.525 ± 0.27`       `0.439 ± 0.25`

The bold values indicate maximal metric value between the three baseline methods.

Consistency among different experience levels {#sec15}
---------------------------------------------

Table [5](#TB5){ref-type="table"} shows method performance on the 'NR1220' set broken down by annotator experience level. Similarly to the overall result discussed in the previous section, all of the baseline methods are again very close in performance, with TF-IDF performing the best within each experience group in terms of MCC, AUC, MRR and P\@5 (except for MCC and AUC in the 'PhD-\[\>10y\]' group, and MRR in the 'PhD-\[student\]' group, where BM25 is best). Consistently with the overall result, it can also be seen here that PMRA produced the most candidate articles marked as relevant by having the highest P\@20 for each experience level except for the 'PhD-\[\<5y\]' group.

Figure [5](#f5){ref-type="fig"} shows average AUC values given by PMRA, BM25 and TF-IDF across annotators in different levels of research experience (also shown are individual annotator groups: A1, A2 and A3; see the following section). Here the error bars indicate standard deviation. No significant difference was observed between AUC values of the three methods among different levels of experience. This is echoed by *P*-values of the distribution comparison using Wilcoxon signed-rank tests presented in Table [6](#TB6){ref-type="table"}; unlike the overall result, there are not many statistically significant differences in performance between methods within the experience groups.

![Method performance in terms of average AUC (ROC) for PMRA, BM25 and TF-IDF on the 'NR1220' set across experience levels within annotators and across three individual annotators (A1, A2 and A3). Error bars represent standard deviation.](baz085f5){#f5}

###### 

Wilcoxon signed-rank test *P*-values between the PMRA, BM25 and TF-IDF methods for the 'NR1220' evaluation set broken down by participant experience level. Metrics include MCC, AUC (ROC), MRR and P\@N.

                                                MCC           AUC           MRR            P\@5          P\@10         P\@20
  ------------------- ------ ---- ------- --------------- ----------- --------------- --------------- ----------- ---------------
  PhD (\>10 years)     PMRA   vs   BM25      `0.09947`     `0.08577`     `0.73131`       `0.26733`     `0.49185`     `0.80459`
                       PMRA   vs   TFIDF     `0.14961`     `0.08633`     `0.80955`     **`0.04125`**   `0.41442`     `0.95105`
                       BM25   vs   TFIDF     `0.91288`     `0.91259`     `0.46470`       `0.15842`     `0.59832`     `0.31508`
  PhD (5--10 years)    PMRA   vs   BM25      `0.91613`     `0.96776`     `0.75115`       `0.57120`     `0.62401`     `0.26477`
                       PMRA   vs   TFIDF     `0.67782`     `0.75515`     `0.35483`       `0.22400`     `0.93127`     `0.42470`
                       BM25   vs   TFIDF     `0.63916`     `0.49584`     `0.34198`       `0.24906`     `0.52570`     `0.82280`
  PhD (\<5 years)      PMRA   vs   BM25      `0.44472`     `0.78528`     `0.07519`       `0.78676`     `0.97772`     `0.71899`
                       PMRA   vs   TFIDF   **`0.01568`**   `0.11687`   **`0.01056`**   **`0.03357`**   `0.66985`     `0.31110`
                       BM25   vs   TFIDF     `0.16426`     `0.66017`     `0.17176`     **`0.00921`**   `0.88387`     `0.48275`
  PhD (student)        PMRA   vs   BM25      `0.30311`     `0.87772`     `0.07136`       `0.35153`     `0.31363`     `0.14597`
                       PMRA   vs   TFIDF     `0.10552`     `0.26117`     `0.22179`       `0.21592`     `0.47528`     `0.99855`
                       BM25   vs   TFIDF     `0.48173`     `0.08897`     `0.66555`       `0.85557`     `0.11509`     `0.05989`
  Other                PMRA   vs   BM25      `0.12823`     `0.21695`     `0.98643`       `0.15593`     `0.30027`   **`0.01592`**
                       PMRA   vs   TFIDF   **`0.00165`**   `0.05235`     `0.23290`       `0.73095`     `0.92710`     `0.30452`
                       BM25   vs   TFIDF   **`0.03934`**   `0.10300`     `0.13172`     **`0.03291`**   `0.13125`     `0.60436`

The bold values indicate *P*-values \<0.05.

Finally, although the overall average was nearly identical among annotators with different experience levels, fluctuations around the average (standard deviations around 0.2) were quite substantial. This large fluctuation, however, may not have been caused by individuals' subjective opinions. This is explored further with the assessment of single participants who annotated many seed articles in the next section.

Consistency within individual annotators {#sec16}
----------------------------------------

As some dedicated contributors had annotated a large number of seed articles, we were able to assess method performance within these groups. Table [7](#TB7){ref-type="table"} presents the results for the three largest groups, 'A1', 'A2' and 'A3' that had 92, 55 and 49 seed articles, respectively. In fact, these groups appeared to also exhibit a similar level of fluctuation as observed in the results for both the overall and divided by experience sets. Thus, it is hypothesized that the observed fluctuation could have been a result of a small number of candidate article samples (20) per seed article per method for calculating the various measures or it could be attributed to true differences in the ability to rank candidate articles, i.e. that the three methods rank candidate articles better for some seed articles than others.

###### 

Performance results of the three largest single-annotator sets for the PMRA, BM25 and TF-IDF methods. Metrics include MCC, AUC (ROC), MRR and P\@N, given as (mean ± stdev).

                 \#           MCC                  AUC                  MRR                  P\@5                P\@10                P\@20
  ---- ------- ------ -------------------- -------------------- -------------------- -------------------- -------------------- --------------------
  A1    BM25    `92`   **`0.610 ± 0.25`**   **`0.771 ± 0.19`**   **`0.740 ± 0.34`**     `0.335 ± 0.19`     **`0.226 ± 0.13`**     `0.150 ± 0.09`
        PMRA             `0.580 ± 0.26`       `0.728 ± 0.23`       `0.726 ± 0.35`       `0.313 ± 0.19`       `0.212 ± 0.11`       `0.149 ± 0.08`
        TFIDF            `0.601 ± 0.27`       `0.752 ± 0.21`       `0.735 ± 0.35`     **`0.337 ± 0.23`**     `0.220 ± 0.13`     **`0.155 ± 0.09`**
  A2    BM25    `55`     `0.538 ± 0.23`       `0.710 ± 0.19`       `0.882 ± 0.24`       `0.611 ± 0.29`     **`0.498 ± 0.29`**   **`0.408 ± 0.27`**
        PMRA             `0.547 ± 0.17`       `0.699 ± 0.15`       `0.892 ± 0.24`       `0.553 ± 0.28`       `0.420 ± 0.24`       `0.342 ± 0.22`
        TFIDF          **`0.564 ± 0.20`**   **`0.729 ± 0.15`**   **`0.900 ± 0.25`**   **`0.615 ± 0.30`**     `0.480 ± 0.28`       `0.377 ± 0.26`
  A3    BM25    `49`     `0.550 ± 0.25`     **`0.733 ± 0.18`**   **`0.966 ± 0.14`**     `0.780 ± 0.22`       `0.698 ± 0.26`     **`0.627 ± 0.28`**
        PMRA           **`0.561 ± 0.25`**     `0.732 ± 0.19`       `0.944 ± 0.17`     **`0.788 ± 0.24`**   **`0.718 ± 0.24`**     `0.614 ± 0.28`
        TFIDF            `0.504 ± 0.25`       `0.697 ± 0.20`       `0.922 ± 0.20`       `0.710 ± 0.26`       `0.659 ± 0.29`       `0.605 ± 0.31`

The bold values indicate maximal metric value between the three baseline methods.

![Method performance in terms of AUC (ROC) for PMRA, BM25 and TF-IDF across eight different research areas: Mice ('D051379'), Molecular models ('D008958'), Protein binding ('D011485'), Algorithms ('D000465'), Mutation ('D009154'), Protein conformation ('D011487'), Computational biology ('D019295') and Biological models ('D008954'). Bars correspond to number of seed articles in the topic area, whereas lines indicate method performance according to AUC values. Error bars represent standard deviation.](baz085f6){#f6}

Additionally, as method performance is again quite close overall, some noise appeared to exist regarding the preferred method within these individual annotator groups. It could be argued that 'A1' prefers BM25, 'A2' prefers TF-IDF and 'A3' prefers PMRA. Furthermore, precision-based metrics for 'A1' demonstrated fluctuation of 'difficulty', compared to the 'A2' and 'A3' groups, with regard to the number of 'positive' annotations per seed article. For example, a P\@20 of around 0.1 means that on average each method was trying to rank 2 relevant articles higher than 18 irrelevant articles that must have also had large content-based similarity of some form allowing their initial detection by the baseline methods. In contrast, 'A2' and 'A3' were relatively easier, especially considering the MRR value close to 1, meaning that on average the top result was actually relevant.

Consistency among different research fields {#sec17}
-------------------------------------------

Here, we assessed performance consistency across different research topics, defined by MeSH descriptors associated with each seed article (if any). Articles that shared a MeSH descriptor were clustered accordingly. The eight largest clusters were evaluated, Figure [6](#f6){ref-type="fig"} shows method AUC performance within these clusters (lines and error bars of standard deviation corresponding to right y-axis), and the number of seed articles within each cluster (bars corresponding to left y-axis). The identified topics include Mice ('D051379'), Molecular Models ('D008958'), Protein Binding ('D011485'), Algorithms ('D000465'), Mutation ('D009154'), Protein Conformation ('D011487'), Computational Biology ('D019295') and Biological Models ('D008954'). Each topic was represented fairly equally, where the range of seed articles per topic was between 20 and 30. No significant performance deviation was apparent among the research topics.

Consistency of annotation for articles labelled by multiple annotators {#sec18}
----------------------------------------------------------------------

A more direct assessment of consistency is to examine the same document pairs annotated by different contributors, using the 'D154' set. These contributions covered a total of 74 unique articles. However, 32 articles were removed due to duplicate submitted annotations from a single participant (i.e. the same participant contributed annotations more than once for the same seed article). Subsequently excluded were two articles that were annotated by three participants. In total, 40 unique articles remained in this consistency set (80 of 154 contributions; each article here was annotated by exactly two unique participants).

We measured the agreement by first collapsing ternary class annotations into their binary class equivalents. Next the Jaccard index ([@ref48]) was calculated, defined as the intersection size of the same positive annotations plus the intersection size of the same negative annotations divided by the union size of all annotations. The Jaccard index distribution can be seen in Figure [7](#f7){ref-type="fig"}, where the overall trend was found to indicate strong consistency, having only 3 out of the 40 cases below 50% agreement. The average annotation consistency was 75%. In one of the low-agreement cases, we contacted the original contributors and found that one annotator defined relevance by 'AND' (satisfaction of all topic keywords), whereas the other by 'OR' (as long as it contained one essential topic keyword). Nevertheless, there was high consistency observed among the majority of dual-annotated document pairs.

![Agreement between different annotators for the same seed article using Jaccard Index shown as average (left) and distribution (right). The box on the left represents quartiles with the median as the middle line. The dashed line on the right is the average agreement value.](baz085f7){#f7}

Consistency regarding duration of time spent for annotations {#sec19}
------------------------------------------------------------

The duration of time a participant spent annotating seed articles was an additional aspect we tested for consistency. This duration was estimated from the time of loading the first page of results to the time of submission. As this time was estimated and is likely to contain a small degree of error due to noise in the logs, we restricted the duration of time spent to between 2 and 120 min.

Figure [8](#f8){ref-type="fig"} demonstrates method performance as a function of time spent on annotations for the 'NR1220' set. Bin sizes (bars corresponding to left y-axis) and method performances (lines and error bars of standard deviation with square, circle and diamond markers for PMRA, BM25 and TF-IDF, respectively corresponding to right y-axis) are indicated. As the majority of annotations were submitted within 17 min (75%), to equalize bin size as much as possible, bin intervals had to be varied across the x-axis (they are not uniformly sized). There was no obvious association observed between time spent on annotations and the resultant method performance, indicating that there was no detectable systematic bias underlying time spent for annotations.

![Method performance as a function of annotation time spent for the 'NR1220' evaluation set; the x-axis is binned time-spent in minutes; the vertical bars corresponding to the left y-axis is the number of seed articles per bin; the lines corresponding to the right y-axis show average AUC (ROC) per bin for the PMRA, BM25 and TF-IDF methods, respectively.](baz085f8){#f8}

Consistency among thresholds for binary classification {#sec20}
------------------------------------------------------

Distinguishing positives from negatives requires a threshold for the similarity score calculated by PMRA, BM25 or TF-IDF. An ideal method should have the same threshold for different seed articles regardless of research field and abstract/title length. This would be beneficial to real-world recommender systems by enabling a dynamic number of articles deemed as relevant to be presented to the user rather than the traditional approach of delivering a fixed number of recommendations.

We analyzed the distribution of method score thresholds in Figure [9](#f9){ref-type="fig"}. Raw method scores were first normalized using the min-max method and then divided into 50 equally sized bins. All of the methods' threshold distributions were found to be relatively centralized around their respective peaks; however, PMRA clearly compared well to other methods and had the most stable cut-off values with a standard deviation of 0.06, compared to 0.08 and 0.09 for BM25 and TF-IDF, respectively. This finding suggests the possibility of setting a unified relevance cut-off.

![Distribution of score thresholds yielding the highest MCC value per seed article for the PMRA, BM25 and TF-IDF methods.](baz085f9){#f9}

Differences between the three methods {#sec21}
-------------------------------------

Figure [10](#f10){ref-type="fig"} examines true relevant articles uniquely contributed by each method (PMRA, BM25 or TF-IDF in the top panel) and the overlaps among them. In most cases PMRA output the largest proportion of relevant articles (avg. 17%) that were not given by either BM25 or TF-IDF (additionally highlighted by the average P\@20 for PMRA). In contrast, BM25 had the lowest contribution of unique relevant recommendations (avg. 8%). Meanwhile, the overlap among all methods was low with the highest overlap between BM25 and TF-IDF at 32% on average. Thus, clearly none of these baseline methods could provide complete coverage of all relevant articles. Relatively few recommendations were shared by the three methods, indicating that is likely possible to establish a well-performing hybrid method that would aggregate outputs of multiple methods.

![Consistency and difference among three methods: PMRA, BM25 and TF-IDF; upper---unique relevant recommendations given by each method; lower---overlap of relevant recommendations between methods. Boxes represent the quartiles; middle lines are the median.](baz085f10){#f10}

Data Records {#sec22}
============

A complete dump of collected annotation data as at 27 July 2018 was deposited to a figshare repository. The dataset is released without copyright, available at <https://figshare.com/projects/RELISH-DB/60095>, under the CC0 license. All data records were stripped of personally identifiable information and then converted to JSON format ([@ref41]). Record fields include a unique identifier ('uid'), PubMedID of the seed article ('pmi'), annotator experience level ('experience'), whether the annotator was an anonymous or registered user ('is_anonymous') and annotator response ('response') containing the lists of candidate article PubMedIDs corresponding to the assigned degree of relevance (i.e. one of 'relevant', 'partial' (somewhat-relevant) or 'irrelevant').

Usage Notes {#sec23}
===========

To make RELISH collections useful for future method developers, we have established a data server at <https://relishdb.ict.griffith.edu.au>. This data server has three modules for data annotation, data retrieval and method testing. **Data annotation:** data annotation functions exactly as the APSE server. As shown in [Figure 1](#f1){ref-type="fig"}, users can search for publications related to any article of interest, with the option to voluntarily annotate article relevance. New submissions will be automatically saved for inclusion in the next database version.**Data retrieval:** we have made available several pre-built datasets (the evaluation sets within this work) on our data server. These include the complete versions of the 'ALL2233' and 'NR1220' sets, as well as copies of these sets broken down by annotator experience level. In addition, the three single-annotator sets ('A1', 'A2' and 'A3') are also available. Furthermore, we also provided an option to allow users to generate a dataset according to various pre-defined parameters (dataset size, experience level, single seed article or multiple seed article annotators and cut-offs for the number of candidate articles labelled as relevant or irrelevant per seed article).As shown in Figure [11](#f11){ref-type="fig"}, pre-compiled datasets can be inspected by starting at (1). Alternatively, user-defined datasets may be generated by starting at (2). After generating a new dataset, or clicking on an existing one, the dataset view page will be displayed as shown in stage (3). Here, dataset details including size, number of positive and negative pairs, and any custom parameters that were set will be given. For each dataset, we make available the respective subsets of article metadata, annotation data and an example result file in the format the automatic evaluation will accept, as shown in stage (4). The metadata includes the PubMedID, title and abstract for each article involved in the dataset. Because we are using publicly licensed PubMed metadata, we allow for direct download of this metadata in JSON format ([@ref41]). Relevance data are provided in TREC relevance format ([@ref56]). Method developers can divide downloaded datasets into training and independent test sets according to their own specific needs.**Method testing:** to facilitate comparison and avoid overtraining, we set aside a blind-test set for critical assessment of method performance. This selection of 400 randomly selected NR seed articles have their annotation data withheld from the rest of the database. The dataset has two variants ('BT1' where partially relevant articles are considered as 'positive' samples, whereas in 'BT2' partially relevant articles are considered as 'negative' samples). Baseline method performances for this set are shown in Table [8](#TB8){ref-type="table"}. Overall, the results are consistent with what was observed for the complete dataset. We envision that method developers can download pre-built or user-defined datasets for training and independent tests. Subsequently, they can download 'BT1' or 'BT2' to provide additional tests by submitting the result file in TREC result format ([@ref61]) as shown in stage (5) of Figure [11](#f11){ref-type="fig"}. Evaluations will be automatically executed and a list of recorded evaluations for the dataset will be shown in stage (6). After uploading a result file for a new evaluation, or clicking on an existing evaluation in the list, the evaluation results will be displayed: firstly, a summary of metrics over the dataset as a whole is given by stage (7) and secondly, the metrics are broken down into a per seed article query basis for inspection in stage (8).

![An overview of the database retrieval and evaluation process: (1) use existing datasets---both pre-built and user-generated; (2) create custom datasets---allows for user-defined dataset construction by tuning dataset generation parameters; (3) dataset details---shows the size, number of positive and negative pairs and any custom parameters used to generate; (4) dataset article data---allows user download of (a) raw article metadata (id, title and abstract) (b) annotation data and (c) sample result file for evaluation function; (5) result file upload---allows input of result files for automatic performance assessment; (6) uploaded evaluations---results of uploaded result file evaluations for the respective dataset will be presented here; (7) overall evaluation view---provides a performance summary of the dataset as a whole; (8) detailed evaluation view---performance details are broken down on a per-query basis.](baz085f11){#f11}

###### 

Performance results of the blind test set of 400 randomly selected articles for the PMRA, BM25 and TF-IDF methods. 'BT1' considered partially relevant articles as 'positive', and 'BT2' considered partially relevant articles as 'negative'. Metrics include MCC, AUC (ROC), MRR and P\@N, given as (mean ± stdev).

                        MCC                  AUC                  MRR                  P\@5                P\@10                P\@20
  ----- ------- -------------------- -------------------- -------------------- -------------------- -------------------- --------------------
  BT1    BM25      `0.489 ± 0.25`       `0.680 ± 0.20`       `0.964 ± 0.15`       `0.857 ± 0.20`       `0.807 ± 0.20`       `0.748 ± 0.20`
         PMRA      `0.497 ± 0.24`       `0.694 ± 0.19`       `0.967 ± 0.13`       `0.871 ± 0.19`     **`0.828 ± 0.19`**   **`0.763 ± 0.19`**
         TFIDF   **`0.512 ± 0.24`**   **`0.699 ± 0.19`**   **`0.981 ± 0.10`**   **`0.875 ± 0.18`**     `0.821 ± 0.19`       `0.759 ± 0.19`
  BT2    BM25      `0.495 ± 0.19`       `0.665 ± 0.17`       `0.856 ± 0.29`       `0.582 ± 0.30`       `0.482 ± 0.25`       `0.396 ± 0.21`
         PMRA    **`0.497 ± 0.20`**   **`0.676 ± 0.17`**     `0.853 ± 0.28`     **`0.605 ± 0.29`**   **`0.506 ± 0.25`**   **`0.413 ± 0.21`**
         TFIDF     `0.493 ± 0.19`       `0.670 ± 0.16`     **`0.877 ± 0.26`**     `0.594 ± 0.27`       `0.492 ± 0.23`       `0.404 ± 0.21`

The bold values indicate maximal metric value between the three baseline methods.

Motivation and Limitations {#sec24}
==========================

Many users, both expert and non-expert, require literature searching for various purposes. Generally, the information need revolves around knowledge expansion of a topic; whether the goal is to find pertinent supporting material to solidify insight or to broaden their vision by locating different aspects, of a particular claim, idea or field of research.

Users most commonly rely on manual keyword searching methods to serve their needs ([@ref19], [@ref21], [@ref31], [@ref37], [@ref70]). While it is recognized that this type of searching tools are indispensable ([@ref19]); a major concern, one that the use case of our work attempts to address, is how users can be easily dissatisfied by the results given by this procedure. For example, produced results largely depend on, and may substantially vary, based on how well the user is able to 'fine-tune' their queries delivered to the searching system ([@ref31]). Moreover, the conversion process between an information need to an effective query is often a potential source of difficulty ([@ref19], [@ref37]). While search engines often offer 'advanced' operators for more elaborate queries, the user unfriendliness of these syntaxes diminish their use to a negligible rate ([@ref69]). Ultimately, users' needs are met in a 'hit-or-miss' basis ([@ref2], [@ref36], [@ref69]) within this approach.

Here, the use case of our work falls into the 'recommendation' sub-field of literature search. Specifically, we focus on pairwise similarity detection between documents. Considering the rate of literature growth and the associated 'information overload' for users, remedial approaches like recommender systems have been proposed to tackle the difficulty and time burden of keeping track of the most promising and relevant studies ([@ref12], [@ref30]). While at the present time recommender systems may be considered an uncommon use case for biomedical literature search systems, such as PubMed, there has been interest shown in the development of additional biomedical searching tools ([@ref53]), including systems that allow identification of similar publications ([@ref18], [@ref20], [@ref26], [@ref60], [@ref76]). Moreover, the frequency of their use depends strongly on the accuracy of recommendations. It is the developers of these types of recommendation systems we anticipate to benefit the most from our database.

This work is not the first to propose the use of a seed article (manuscript) as a query instead of keywords ([@ref10], [@ref27], [@ref37], [@ref46], [@ref55], [@ref71]). As stated in ([@ref31]), the following scenarios illustrate potential applications of a system built upon this ideology: editors or reviewers wishing to explore a subject matter of which is not their specialty (e.g. to find other potential peer reviewers), researchers simply wishing to find related studies to a paper of interest (e.g. for the purpose of locating citations or venues for their work), researchers who are pursuing a new area of which they have little existing knowledge (e.g. a student following up on a paper given by their supervisor) and researchers wishing to keep up with latest developments in their field based on their previous publications.

Finally, we must stress that the basis of our use case here is a complementary alternative to keyword search, it is not intended as a replacement. An accurate keyword-less recommendation system is sure to benefit both expert and non-expert users, especially in this era of information overload. In addition, this is more than a database exclusively for seed article-based search. It can be used to train keywords or sentence-based search by examining if keywords or the title from one article would automatically lead to the other articles. That is, a method can be trained for title/sentence-based and title/abstract based search on this benchmark.

Discussion {#sec25}
==========

Our work represents a community-wide effort to establish a database of document relevance that is suitable for machine learning. It should be noted that our APSE system facilitating the annotation process was not intended as a stand-alone search engine. Rather, it was developed and employed exclusively for data collection. Nevertheless, using three different methods appeared to provide a more complete search compared to systems powered by a single technique such as TF-IDF in JANE ([@ref67]) or PMRA in PubMed ([@ref49]). This is consistent with comments from many users who found interesting articles previously unknown to them.

More than 1500 scientists around the world participated in the RELISH consortium and annotated the relevance for over 180,000 document pairs that represent diverse research fields, covering 76% of all PubMed MeSH descriptors without clear bias (Figure [3](#f3){ref-type="fig"}). These annotations are of high quality as more than 90% of the article pairs were annotated by original authors and 63% by scientists with 5 or more years research experience post-PhD. While the majority annotated a single seed article, a few dedicated researchers annotated more than 50 seed articles, and some independently annotated the same seed articles. Together, the resulting dataset provides the largest manually annotated benchmark for detecting document similarity in biomedical literature search.

A number of potential systematic biases were considered during the construction of this database. Potentially affected aspects of our methodology primarily include how the documents presented to annotators were selected and how annotators themselves were selected. We discuss here the biases we were able to identify and explain the rationale behind how they were dealt with.

Inherent selection biases could be argued regarding the baseline methods used to generate the sets of documents for annotation. Firstly, since only the top 20 non-redundant documents from each method were presented to annotators, we have necessarily excluded potentially related articles with lower similarity scores from this pool. We could have taken more results from a single method, but then bias towards that single method would have been introduced. Additionally, we chose to take this number of results from each method to reduce the burden on annotator's participation time, as we appreciate that volunteered time to contribute is valuable. Secondly, as the baseline methods rely exclusively on exact term matches to generate respective similarity scores, it is possible that semantically related documents are missing from this pool. Although there was no scalable solution present to circumvent this, we feel it should be mentioned here.

Potentially subjective bias is a major concern affecting document relevance manually annotated by such a diverse group of scientists. This could be in terms of a biased consideration of recommended documents according to the annotator's close-up view of their given field as opposed to the more objective consideration annotators with general knowledge could have. We opted to use authors of their own papers as relevance judges to increase participation rate, the effort required from participants was again considered here. This is because our goal for this benchmark was to capture sub-field similarity such that articles marked as relevant could have been suitable for citation by the originating seed article. This task requires highly specialized experts in respective sub-fields to make that determination. In other words, the more sub-field experience of an annotator, the more accurate annotations will be made. Although non-PhD researchers are underrepresented in their participation of database construction, it will not affect the overall accuracy of annotations as we have demonstrated that there is no bias according to the experience level of annotators and across different fields of researchers. In fact, using expert annotations will ensure the production of relevant articles for all non-PhD researchers, clinicians and the general public in their searches.

If a subjective bias exists, one would expect that the performance of the three baseline methods (PMRA, BM25 and TF-IDF) would have certain systematic trends. We showed that method performances were nearly the same across different annotator experience levels (Figure [5](#f5){ref-type="fig"}), different research topics (Figure [6](#f6){ref-type="fig"}) and different durations of time spent annotating (Figure [8](#f8){ref-type="fig"}) and whether annotators evaluated articles they authored or not (Tables [2](#TB2){ref-type="table"} and [4](#TB4){ref-type="table"}). Although the magnitude of the performance fluctuation was large between different annotators, the same magnitude of fluctuation was observed within individual annotators (Figure [5](#f5){ref-type="fig"}), suggesting that the source of fluctuation likely was small size of samples (20 per seed article for each method) and/or true differences in difficulty (i.e. some seed articles are easier to find relevant articles for than others). More importantly, examining same document--document pairs annotated by different researchers indicated a high average consistency of 75% (Figure [7](#f7){ref-type="fig"}). Furthermore, high consistency in the dataset was also suggested by the relatively narrow distribution of thresholds that were used to maximize the MCC for each seed article (Figure [9](#f9){ref-type="fig"}). This indicated that relevance can be defined across different experience levels or research fields. The results collectively indicate that despite the presence of any subjective bias, a consensus exists regarding what is actually relevant literature for the majority of researchers, despite differences in research areas and experience levels.

High-quality data collected by the RELISH consortium offered an unprecedented opportunity to compare the three baseline methods (PMRA, BM25 and TF-IDF). Somewhat surprisingly, all three methods performed similarly, with TF-IDF presenting a slight edge. Our finding is somewhat different from previous studies ([@ref22], [@ref51], [@ref68]) where the classic TF-IDF was often considered inferior to methods developed afterwards. This result highlights the importance of having a large benchmark dataset. Moreover, all three methods evaluated here performed only moderately well with an average AUC of around 0.7 and average MCC of around 0.5. In addition, different methods did capture different sets of relevant articles (Figure [10](#f10){ref-type="fig"}). This further indicates the necessity of large benchmark evaluation datasets, significant room exists for improving literature search with future method development.

Encouraging method development was the principal motivation behind the assembly of this database. A recent survey of research paper recommendation systems revealed the urgent need for a common evaluation framework ([@ref4]), as current method evaluation results are rarely reproducible ([@ref3]). This work was inspired by large human-annotated databases like ImageNet ([@ref17]), where labelled images have promoted method development and helped to revolutionize object detection and image classification ([@ref45]). Our database should allow novel methods to be developed based on modern deep machine learning techniques to address the major deficiencies of current methods. Additionally, the benchmark datasets as a result of our database will enable objective comparison between old and new methods, increasing the uptake of newer methods and their translation into practice. To assist unbiased evaluation, we have made the RELISH database freely accessible to the academic community (released under the CC0 license). Furthermore, we set aside $\documentclass[12pt]{minimal}
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}{}$400 \times 60$\end{document}$ document--document pairs for blind prediction using the automatic evaluation by our database server at <https://relishdb.ict.griffith.edu.au>.

We expect that dissemination of this manuscript will attract more scientists to contribute more annotations. A major struggle for us was participant recruitment, the first phase of our recruitment strategy (internal referrals, personal invitations, social media posts and a correspondence letter) ultimately failed to attract enough contributions to establish a meaningful dataset. Because of this failure we reluctantly decided to proceed with the second phase of sending direct emails. Although the response rate was low (around 1%), it was good enough to achieve the sizeable database we have now. Our server will continue to collect annotations. We hope to publish the next version of the database with at least double the number of present annotations.
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